Although compensated hypothyroidism (CH) is the most common thyroid impairment in Down syndrome (DS), its pathogenesis remains elusive. Because primary gonadal failure is another DSassociated endocrinopathy, we hypothesized that an impaired signal-transduction pathway shared by several organs may provide a unifying explanation for both endocrinopathies. We assessed two possible transduction-pathway components associated with CH in DS: the G-protein adenylate-cyclase (AC) system and ␤-adrenergic responsiveness, previously reported to be enhanced in DS fibroblasts. Twenty-one DS patients and 14 control subjects were studied. Peripheral mononuclear cells (PMCs) were incubated with G-protein modulators [prostaglandin E1 (PGE1) and cholera toxin (CTx)], an AC stimulator (forskolin), and a ␤-adrenergic agonist (isoproterenol), and cAMP levels were determined. All participants had normal plasma thyroid hormone levels, but 11 of the DS patients had elevated TSH levels (hTSH), whereas in the 10 others, they were normal (nTSH). cAMP levels in response to forskolin, PGE1, and CTx were similar in all groups, whereas isoproterenolstimulated cAMP levels were significantly higher in the hTSH group than in the nTSH group and control subjects (45 Ϯ 30 versus 22 Ϯ 9 and 21 Ϯ 9 pmol · 10 6 cells Ϫ1 · 10 min
Many studies over the past several decades have found an increased prevalence of various types of thyroid dysfunction in individuals with Down syndrome (DS), including congenital hypothyroidism (1) and thyroid autoimmune disease (2) (3) (4) (5) . However, the most prevalent thyroid disorder in this population is compensated hypothyroidism (CH), characterized by mildly elevated TSH in the absence of signs of thyroid autoimmunity or clinical hypothyroidism. Its prevalence in DS has been reported to be in the range of 14 to 63% (3, (5) (6) (7) (8) , but its cause remains elusive.
A decreased threshold in the pituitary gland to thyroxin in CH, postulated in some studies (3, 5) , seems unlikely because low-dose thyroxin treatment rapidly brings TSH to normal levels, suggesting that the thyroxin-TSH negative feedback mechanism is preserved (5) . Others have suggested the presence of immunologically competent but biologically less active TSH (3, 9, 10) . However, this hypothesis was ruled out recently by Konings et al. (10) , who postulated that CH derives from an impaired signal-transduction pathway involved in thyroid hormonogenesis. The presence of hypogonadism in some of our DS patients with CH led us to hypothesize that hypothyroidism is just one aspect of multiple hormone resistance in DS.
Gonadal impairment in DS is manifested by hypogonadism with subsequent elevation of LH and FSH levels but with normal levels of sex steroids, suggesting partial gonadal failure (11, 12) . Several reports have elucidated partial gonadal resistance to gonadotropin stimulation in DS patients, manifested by blunted estradiol secretion in response to FSH stimulation (13) and suppressed testosterone secretion in response to human chorionic gonadotropin stimulation (14, 15) in women and men, respectively.
The combination of apparent multiple hormone resistance illustrated by these studies is reminiscent of the syndrome of pseudohypoparathyroidism (PHP). This syndrome is character-
RESULTS

Clinical data.
Clinical characteristics of all participants and their sex hormone and gonadotropin levels are presented in Table 1 . Thyromegaly was not present in any of the DS patients or control subjects. The average age of the DS group was similar to that of the control group (8.4 Ϯ 6.0 versus 8.2 Ϯ 5.2 y, respectively), as were auxologic parameters such as weight SDS (Ϫ0.5 Ϯ 1.5 versus 0.7 Ϯ 2.7) and body mass index (19.5 Ϯ 4.6 versus 19.2 Ϯ 5.3). However, the average height SDS was significantly lower in the DS group than in control subjects (Ϫ2.4 Ϯ 1.3 versus Ϫ0.8 Ϯ 1.6, respectively; p ϭ 0.003).
Hormonal evaluation. Thyroid hormone levels in control and DS groups were statistically similar and within the normal range. Free T4 levels were 14.4 Ϯ 2.7 versus 14.0 Ϯ 2.6 pmol/L (1.1 Ϯ 0.2 versus 1.1 Ϯ 0.2 ng/dL), and total T3 levels were 3.2 Ϯ 0.6 versus 3.1 Ϯ 0.4 nmol/L (208 Ϯ 39 versus 202 Ϯ 26 ng/dL) in the DS and control groups, respectively. In contrast, average TSH level in the DS group was significantly higher than in the control group (6.0 Ϯ 2.4 versus 2.8 Ϯ 1.6 mIU/L; p ϭ 0.001). The DS group was further divided into two subgroups that comprised 10 patients with normal TSH levels (nTSH) and 11 patients with elevated TSH levels (hTSH) for their age. The age-related normal ranges for thyroid hormone levels were based on comprehensive reference ranges, established using a Centaur analyzer (23) . TSH levels in the nTSH group (4.0 Ϯ 1.5 mIU/L) were similar to those in the control group but significantly lower than corresponding levels in the hTSH group (7.8 Ϯ 1.5 mIU/L; p Ͻ 0.001 versus other groups). Thyroid autoantibodies were not detected in any of the participants in this study.
Sex steroids and gonadotropins were analyzed separately for prepubertal children (12 control and 14 DS subjects) and for participants during puberty (two control and seven DS subjects). Before puberty, LH levels in all participants were in the prepubertal range, but the control group had significantly higher LH levels than the DS patients (0.5 Ϯ 0.5 versus 0.3 Ϯ 0.1 IU/L; p ϭ 0.022). This difference, however, may not have any biologic significance. There was no difference in FSH levels between the groups before puberty (1.3 Ϯ 1.0 versus 1.7 Ϯ 2.0 IU/L in control and DS groups, respectively). Testosterone and estradiol levels among prepubertal boys and girls, respectively, were appropriate for their pubertal stage in both DS patients and control subjects, except in one girl who had DS and presented with an estradiol level of 99 pmol/L (27 pg/mL), typical of early puberty (Table 1) .
All sex steroid and gonadotropin levels in pubertal subjects with DS were significantly higher than corresponding levels in DS and control groups before puberty [p Ͻ 0.001 for all comparisons; 5.3 Ϯ 1.3 IU/L LH, 10.1 Ϯ 7.2 IU/L FSH, 378 Ϯ 189 pmol/L (103 Ϯ 51 pg/mL) estradiol, and 7.0 Ϯ 3.8 nmol/L (2.0 Ϯ 1.1 ng/mL) testosterone]. No comparison was made to pubertal control subjects because of the small size of the subgroup (n ϭ 2).
It is worth noting that two boys with DS (ages 1.8 and 2.9 y) had micropenis. In addition, two pubertal male patients with 67 cAMP IN HYPOTHYROIDISM IN DOWN SYNDROME DS (ages 16.3 and 19 y) had elevated FSH levels (23.1 and 17.1 IU/L) in association with reduced testicular volume (9 and 12 mL in the younger and older patients, respectively). All four patients belonged to the hTSH-DS subgroup (Table 1) . ), respectively. Similarly, there were no differences in stimulated cAMP levels in response to forskolin, PGE1, and CTx between the control group and DS subgroups stratified by TSH level (Table  2) . Isoproterenol stimulation, however, yielded significantly higher cAMP levels in the hTSH group compared with nTSH and control groups (p ϭ 0.02 by ANOVA; Table 2 , Fig. 1 ).
DISCUSSION
The presence of two different endocrinopathies in DS that are manifested by hyperthyrotropinemia and hypergonadotropinemia motivated us to evaluate a unifying hypothesis for both disturbances. Previous studies approached these problems separately, even though they may present simultaneously. Indeed, in our study, we found two patients who had DS and elevated levels of both TSH and FSH, with the latter being in the range seen in hypergonadotropic hypogonadism. Because elevated TSH and FSH levels can reflect end-organ resistance in different glands, we hypothesized a defect in signal transduction located beyond the receptor, one shared by the thyroid and the gonads. Similar reasoning led in 1980 to the recognition that patients with PHP type 1 bear a generalized defect in hormone-sensitive AC activity, mediated by a 50% deficiency in Gs, a component of the receptor-cyclase-coupling N-protein (16) . This finding provided an explanation for the resistance of various glands to their activating hormones, working via AC stimulation. Unlike PHP, TSH elevation in DS is not associated with hypothyroidism but rather with CH, in which thyroid hormones are in the normal range (5) (6) (7) (8) . Similarly, elevated gonadotropins in DS are associated with normal levels of sex steroids (11, 12) , although some degree of gonadal dysfunction is common in this population. In women with DS, menarche may occur at a later age (24) , and there is an increased frequency of anovulation or defects in luteal function (25, 26) . In men with DS, the mean stretched penile length and testicular volume are below normal standards for adults (11, 12) , with a negative correlation between testicular size and FSH levels (11). In our cohort of patients with DS, we found two adolescents with incomplete testicular maturation (in association with elevated FSH) and two with micropenis. On the basis of these data, it is conceivable that any end-organ resistance in DS is partial, rather than complete. We should emphasize that severe short stature, common to both subgroups of DS in our study (Table 1) , is a cardinal characteristic of DS and is not associated with GH deficiency (27, 28) or any other endocrinopathy.
Following the PHP model, we measured PMC-derived cAMP in response to stimulation with forskolin, an AC activator, and CTx and PGE1, both activators of G-protein. All stimulants yielded a similar response in both DS subgroups (with normal and high TSH levels) and in the age-and sex-matched control groups; hence, our first hypothesis was not confirmed. However, we cannot rule out other defects in the signal-transduction pathway, such as increased activity of phosphodiesterase, which was neutralized in our study by the specific inhibitor 3-isobutyl-1-methylxanthine. We further evaluated an alternative hypothesis, that alteration in the response to adrenergic stimulation, previously reported in fibroblasts (21, 22) and platelets (22) from patients with DS, is causally related to the hyperthyrotropinemia in DS. Hyperresponsiveness to ␤-adrenergic agonists in human skin fibroblasts that were obtained from patients with DS was reported by McSwigan et al. (21) in 1981. The response in these cells was~3-to 10-fold greater than in normal diploid fibroblasts and other aneusomic fibroblast strains. This exaggerated response was specific, because treatment of DS and control cells with PGE1 or CTx resulted in the same degree of cAMP accumulation (21) . In a subsequent study, an enhanced physiologic response to catecholamine hormones was found in cultured DS-derived fibroblasts and platelets (22) , a response that was specific to the adrenergic agonists. In both studies, the most potent stimulator of cAMP production in fibroblasts was isoproterenol, whereas epinephrine and norepinephrine had lesser effects, in declining order of potency.
In our study, an exaggerated response of PMCs to isoproterenol was demonstrated only in a subgroup of patients with DS and hyperthyrotropinemia. The response was~2-fold greater than in the control group and in the nTSH subgroup of patients with DS. Similar to the previous studies in fibroblasts and platelets (21, 22) , this altered response was specific to isoproterenol, because cAMP accumulation in response to forskolin, PGE1, and CTx stimulation was similar among the two DS subgroups and control subjects. Although thyroid function was not examined in the aforementioned studies (21, 22) , the response to isoproterenol stimulation ranged widely in both (~250% difference between low and high stimulated cAMP levels). It therefore is possible that the populations studied contained patients with DS and both normal and high TSH levels. The difference in the range of cAMP responses between McSwigan et al. (21) and our study may be from the different cell types and methods used. Whereas we used freshly prepared PMCs, McSwigan et al. (21) used a fibroblast cell line that was maintained for many passages in culture and examined at confluence.
In a review of the DNA sequence of human chromosome 21 (29) , the gene KCNJ6 encoding human G-protein-coupled inward rectifier potassium 2 (hiGIRK2) may be linked to the ␤-adrenergic transduction pathway. Indeed, isoproterenol was found to elicit GIRK currents in both rat cardiomyocyte-and Xenopus laevis oocyte-coexpressed ␤-adrenergic receptors (30) .
The hyperresponsiveness to isoproterenol in different cells of patients with DS suggests a general phenomenon that may be shared by other organs, including the thyroid gland and gonads. Several studies have shown that increased cAMP production in response to ␤-adrenergic stimulation induces a negative effect on the growth of various thyroid cell lines. These studies may provide the link among ␤-adrenergic hyperresponsiveness, enhanced cAMP accumulation, and CH in DS.
In a study by Ohta et al. (31) , cAMP inhibited the growth of some human thyroid carcinoma cell lines, as evaluated by reduced thymidine incorporation and cell number. The production of cAMP was regulated through ␤-adrenergic receptormediated pathways but not through TSH receptor-mediated ones. The high expression of ␤-adrenergic receptors rendered these cell lines sensitive to the growth-inhibition effect of cAMPstimulated adrenergic receptor agonists. It is interesting that the potency ranking among ␤-adrenergic agonists was identical to that previously found in fibroblasts from a DS population (21, 22) , namely isoproterenolϾepinephrineϾnorepinephrine. Studies in differentiated rat thyroid cells (FRTL) have shown that isoproterenol reduces these cells' growth (32) and partially inhibits TSH's ability to stimulate cAMP and DNA synthesis (33) .
The mechanism by which isoproterenol inhibits thyroid cell growth, either directly or via cAMP stimulation, is unknown. However, treatment of 3T3-L1 adipose cells that express TSH receptors with isoproterenol for 4 h resulted in a cAMPmediated decrease in TSH receptor mRNA levels, with a maximum of 60% inhibition (34) . We postulate that decreased TSH receptor mRNA levels may subsequently lead to reduced levels of the membrane TSH receptor and relative resistance to TSH. The clinical outcome of such a process would be CH.
There are no reports of a negative effect of ␤-adrenergic agents on gonadal cells, although these agents (including isoproterenol) are capable of inducing cAMP production and steroidogenesis in ovarian cells (35, 36) . Therefore, we cannot comment on a similar mechanism of cAMP-mediated reduced responsiveness to gonadotropins in the gonads as an explanation for partial gonadal failure in DS. However, the presence of impaired sexual maturation in four of the patients with DS and CH suggests a common mechanism for both endocrinopathies. 
CONCLUSION
In summary, we found hyperresponsiveness (i.e. exaggerated cAMP production) to isoproterenol in PMCs from patients with DS and CH. This effect was specific for isoproterenol and was not produced by other AC stimulators. Although it is conceivable that this effect, reported to date in PMCs (our study), fibroblasts (21, 22) , and platelets (22) , is a general one in DS, further study of the thyroid gland and gonads is required to confirm our hypothesis that increased cAMP accumulation in response to adrenergic stimulation is related to CH and gonadal impairment in DS. Isoproterenol-stimulated cAMP levels in control subjects (n ϭ 14) and patients with DS and either normal TSH (nTSH; n ϭ 10) or elevated TSH (hTSH; n ϭ 11). CAMP levels in the hTSH group were significantly higher than those in the control and nTSH groups by ANOVA (p ϭ 0.02). Data are represented on a logarithmic scale.
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